Abstract: This study aimed to investigate the relationships among parameters from dynamic contrast-enhanced (DCE) MRI, diffusionweighted MRI (DWI), and 
INTRODUCTION

S
quamous cell carcinomas are the most common neoplasm of head-and-neck cancer. Although head-and-neck squamous cell carcinomas (HNSCCs) do not account for a large portion of the total cancer incidence or mortality, they have a particularly crucial influence on a patient's quality of life because of their functional and cosmetic significance. 18 F-fluorodeoxyglucose ( 18 F-FDG) positron emission tomography (PET) has been widely used for tumor staging, monitoring of treatment responses, and detection of recurrence of head-and-neck cancers. [1] [2] [3] [4] The standardized uptake value (SUV) is the most commonly used PET parameter and is a semiquantitative measure of glucose metabolism. Recently, the clinical significance of volume-based PET parameters -such as the metabolic tumor volume (MTV) and total lesion glycolysis (TLG) -has been investigated. 5, 6 These PET parameters have been suggested as valuable biomarkers of tumor characteristics. 7, 8 Similarly, noninvasive magnetic resonance imaging (MRI) techniques, including diffusion-weighted MRI (DWI) and dynamic contrast-enhanced (DCE)-MRI have shown potential in HNSCC patients for assessing treatment response and outcome. [9] [10] [11] [12] DWI provides quantitative information about tumor cellularity that is presented as the apparent diffusion coefficient (ADC). 13 DCE-MRI involves sequential imaging during the passage of a contrast agent through the tissue of interest. Using compartmental modeling, DCE-MRI measures the pharmacokinetics of tissue microcirculation and provides data on vascular perfusion and permeability. [13] [14] [15] Tumor biologic characteristics -including tumor microcirculation, cellularity, and glucose metabolism -may exhibit relationships and interactions. An understanding of such complexities could expand the knowledge of tumor characteristics and have clinical implications such as in guidance for treatment planning, early prediction of treatment responses, and evaluation of treatment outcome. 16 To our knowledge, there is no report showing the relationships among DCE-MRI, DWI, and 18 F-FDG PET parameters in the primary HNSCC. Thus, we investigated the correlations among these 3 parameters in patients with HNSCC.
METHODS
Patients
We retrospectively reviewed consecutive 39 patients with histopathologically proven squamous cell carcinoma of the head and neck who underwent routine diagnostic work-up MRI including DCE-MRI, DWI sequences, and 18 F-FDG PET/CT within an interval of 2 weeks (mean interval between the 2 examinations: 3.24 days, range: 0-14 days) before treatment. Three patients were excluded because the primary lesion was smaller than 1 cm 3 in volume or was not well detected on MR or PET images. Two patients were excluded because the primary lesion contained so many large vessels and necrotic portions which can influence perfusion and diffusion parameters. Finally, 34 patients were enrolled. This study was approved by the ethics committee of our university (Ajou Institutional review board), and the requirement for written informed consent was waived because of its retrospective nature.
MRI Examinations
For all patients, MR imaging was performed using 1.5 T MR scanner (Signa HDxt, GE Healthcare, Milwaukee, WI) with a 12-channel neurovascular head-and-neck array coil. Axial fat saturated T2WI (TR, 3700 ms; TE, 102 ms; FOV, 200 Â 200 mm; matrix, 320 Â 256; slice thickness, 4 mm; interslice gap, 1 mm; 26 slices; ETL, 16; NEX, 2) and axial T1WI (TR, 517 ms; TE, 11 ms; FOV, 200 Â 200 mm; matrix, 320 Â 256; slice thickness, 4 mm; interslice gap, 1 mm; 26 slices; NEX, 1.5), as well as coronal T2 and sagittal T1WI were acquired before contrast agent administration. After gadolinium contrast (Gadovist, gadobutrol, Bayer HealthCare, Berlin, Germany) injection (0.2 mmol/kg; flow rate 2.5 mL/s) using a power injector immediately followed by a 20 mL saline flush, fat-saturated, axial, and coronal T1WI were acquired. The DCE-MR imaging was performed using a 3-dimensional fast spoiled gradient echo sequence with the following parameters: TR, 5 
F-FDG PET/CT Examinations
All of the subjects fasted for at least 6 hours before 18 F-FDG PET/CT examination. All blood glucose levels at the time of injection of 18 F-FDG were <200 mg/dL. PET/CT was performed using a dedicated PET/CT scanner (Discovery STE, GE Healthcare). Before PET, unenhanced CT was performed at 60 minutes after a 5 MBq/kg 18 F-FDG injection using 16-slice helical CT (120 keV; 30-100 mA in the AutomA mode; section width, 3.75 mm), and then an emission scan was acquired from the thigh to the head for 2.5 min per frame in 3-dimensional mode. Attenuation-corrected PET images using CT data were reconstructed by an orderedsubsets expectation maximization algorithm (20 subsets, 2 iterations).
Image Data Analysis
One board certified neuroradiologist (MH), blinded to the PET/CT findings, reviewed tumor findings on MR images. The DCE-MRI and DWI data were transferred for postprocessing to a workstation running commercially available software for tissue perfusion and diffusion estimation (NordicICE, NordicNeuroLab, Bergen, Norway). Motion correction and arterial input function (AIF) determination were automatically processed using the software. The AIF pixel was located in the tumor neighboring vessels (carotid arteries). The baseline (precontrast) T1 value was fixed at a specified value for all of the voxels.
Quantitative DCE-MRI analyses of the tumor tissue time course data were performed using the 2-compartment Tofts model. 17 The model fitted the tissue contrast agent concentration and yielded the following quantitative parameters: K trans , volume transfer constant in minute -1 of contrast agent from blood plasma to extravascular extracellular space (EES) reflecting both plasma flow and permeability; K transmax , maximum value of K trans ; V e , EES volume per unit volume of tissue; V p , blood plasma volume per unit volume of tissue; and k ep , redistribution rate constant of contrast agent from EES to plasma and equal to K trans /V e . The area under the curve (AUC 60 ) at the initial 60 second interval was calculated from the time signal intensity curve. Mean ADC (ADC mean ) and minimum ADC (ADC min ) values were calculated on the ADC map.
A freehand region of interest (ROI) was drawn along the tumor boarder on postcontrast T1WI in all involved slices by a board certified neuroradiologist (MH). T2WI was also utilized to avoid necrotic areas and large feeding vessels in close proximity. Tumor volume (cm 3 ) was calculated as the sum of ROI area multiplied by the slice thickness and gap for each slice. The same ROIs were placed on each corresponding slice of postprocessed quantitative maps from DCE MRI and ADC map from DWI using commercial software (NordicICE, NordicNeuroLab, Bergen, Norway). The values of DCE-MRI and DWI parameters of each slice were cumulated and recorded as the pixel-by-pixel. The averaged value of all pixels was used to present the whole tumor parameters.
A nuclear medicine specialist (SJL) reviewed 18 F-FDG PET images on a dedicated workstation (GE Advantage Workstation 4.4; GE Healthcare) using volume viewer software that provides an automatically delineated volume of interest (VOI) using an isocontour threshold method based on SUV. We used several fixed thresholds for determining the VOI boundary: 2.5, 3.0, 3.5, and 4.0. Using these 4 threshold SUVs, the VOIs of the primary tumor were generated automatically. The software calculated the maximum SUV (SUVmax), average SUV (SUVmean ), and MTV of the entire primary tumor according to the tumor VOIs. The TLG was calculated by multiplying the mean SUV by the MTV (TLG ¼ SUVSUVmean Â MTV).
Statistical Analysis
All statistical calculations were performed using the SPSS version 19 software (SPSS Inc, Chicago, IL 
RESULTS
Clinical characteristics of the 34 patients are presented in Table 1 . The mean age of the patients was 60.3 years (range, 39-81 years). Primary tumor sites were as follows: 9 oropharynx, 8 oral cavity, 8 nasopharynx, 5 hypopharynx, 2 larynx, and 2 paranasal sinus, maxillary sinus.
The averaged values of DCE-MRI, DWI, and 18 F-FDG PET parameters for the 34 patients are summarized in Table 2 . The correlation results were similar when the SUV threshold was changed. Therefore, we adopted a fixed value for SUV of 3.0 because it showed the greatest statistical significance.
K trans showed a positive correlation with K ep (r ¼ 0.631, P < 0.000), V e (r ¼ 0.603 P < 0.000), and ADC mean (r ¼ 0.438, P ¼ 0.010); K transmax showed a positive correlation with K ep (r ¼ 0.667, P < 0.000) and V p (r ¼ 0.351, P ¼ 0.042). A significant positive association was also demonstrated between V e and AUC 60 (r ¼ 0.364, P ¼ 0.034), V e and ADC mean (r ¼ 0.590, P < 0.000), and V e and ADC min (r ¼ 0.361, P ¼ 0.036). ADC min exhibited a reverse correlation with TLG (r ¼ À0.347, P ¼ 0.044). ADC min also showed a reverse correlation with SUV mean , although it was not statistically significant (r ¼ À0.333, P ¼ 0.054).
No parameters from DCE-MRI, including K transmax , showed a significant relationship with those from 18 F-FDG PET (Table 3, Figure 1 ).
Tumor volume measured using MRI showed a significant correlation with K transmax (r ¼ 0.348 P ¼ 0.044), with the exception of MTV (r ¼ 0.768, P < 0.000) and TLG (r ¼ 0.712, P < 0.000), which contain by definition the value of volume (Figure 1) .
A representative case of DCE-MRI, DWI, and 18 F-FDG PET imaging is shown in Figure 2 .
DISCUSSION
This study is to our knowledge the first to assess the relationships among parameters derived from 3 imaging modalities for HNSCC. DCE-MRI, DWI, and 18 F-FDG PET are typically included in initial staging work-ups for HNSCC. These noninvasive imaging tools may offer pathophysiological information about tumors. DCE-MRI parameters can provide information regarding the microvessel permeability and extracellular space, whereas ADC from DWI can provide an indication of the cellular density of a tumor, and 18 F-FDG PET can measure glucose metabolism. 13 We found a variety of interrelations between kinetic parameters from DCE-MRI. These results are supported by previous reports. 18, 19 Our findings showed a positive correlation between K trans and K ep . The structurally and functionally incompetent neovessels of a tumor promote the extravasation of contrast medium (represented as K trans ) and may also allow rapid influx back into the capillary plasma (represented as K ep ). As reported by Bisdas et al 19 V e had a significant positive association with AUC in our study. In general, the EES of a tumor is characterized by a larger interstitial space, higher collagen concentration, lower proteoglycan and hyaluronate concentrations, higher interstitial fluid pressure, and more effective interstitial diffusion coefficient of macromolecules compared to normal tissues. These structural and physiologic characteristics are responsible for the transport and accumulation of contrast injected into the body. 9, 20 Therefore, the relationship between V e and AUC, which represents the amount of contrast agent delivered to and retained within the tumor in a given time period, can be explained.
The DWI of head-and-neck lesions is particularly problematic because of the artifacts induced by physiologic motion as well as susceptibility artifacts from the many air tissue boundaries and dental fillings. 13, 21 As echo-planar DWI, a widely accepted method, is vulnerable to these artifacts, we used the PROPELLER sequence for DWI in this study. Previous No study has demonstrated a correlation between MR parameters from DCE and DWI in HNSCC. Ahn et al 16 evaluated the relationship between only K trans and ADC in advanced hepatocellular carcinoma, but found no significant correlation. Conversely, we found that K trans showed a positive correlation with ADC. Difference in tumor type and pathologic conditions can explain this discordance. Our results also suggested a positive correlation between V e and ADC. The V e parameter reflects the EES and can be an indicator of the cell density in a tissue of interest. Therefore, a positive correlation between V e and ADC value, which is a quantitative DWI parameter determined by cell density, is reasonable. 25, 26 The most commonly used PET parameter to measure the degree of 18 F-FDG uptake is SUV. Although the SUV max is widely used due to its simplicity of determination, it is a single voxel value that may not represent total tumor uptake and may be vulnerable to statistical noise. Recently, there has been an increasing interest in the use of volumetric parameters of metabolism such as MTV and TLG. 11, [27] [28] [29] MTV is defined as the volume of 18 F-FDG activity in the tumor, and TLG is the sum of SUV within the tumor. Several studies have suggested that volume-based PET parameters may better represent HNSCC tumor characteristics than SUV. 11 We found a significant reverse correlation between ADC and TLG, but not between ADC and SUV max , in the present study.
Few studies have evaluated associations between DCE or DWI-MR parameters and 18 F-FDG PET parameters in headand-neck cancer. One recent study evaluating 47 HNSCC patients demonstrated that ADC ratio and SUV mean were significantly correlated, possibly due to a higher-cellularity region as a result of increased tumor proliferation. 30 However, volume-based PET parameters were not evaluated in the study. We found a significant correlation between ADC and TLG. Thus, our data may suggest that high-glucose metabolism is related to increased cellularity. Another study of tumor metabolism by 18 F-FDG PET and perfusion by DCE-MRI in 16 HNSCC patients reported that no perfusion parameter had a significant relationship with SUV and TLG. 18 In agreement with that study, our results showed no significant associations between metabolic parameters by 18 F-FDG PET and parameters from DCE-MRI.
We identified a positive correlation between tumor volume and K transmax from DCE-MRI. Initially, tumor cells are nourished by diffusion. As the tumor grows and reaches a certain size, tumor angiogenesis is activated and the formation of a vascular plexus supplying the growing tumor is started. However, these newly formed vasculatures, as well as the endothelium and vessel wall, are structurally and functionally abnormal. 31, 32 The leakiness of these incompetent tumor vessels can be represented as K trans as mentioned above. Therefore, we can accept the logic whereby a larger tumor exhibits plentiful angiogenesis and higher K trans value, although a previous report 18 failed to demonstrate such a correlation. Our study had several limitations. First, this was a retrospective study. Second, it had a small sample size. Third, current study data represented untreated primary HNSCC and, thus, has no direct clinical implications for differential diagnosis or treatment monitoring. Nonetheless, this preliminary study shows that the various parameters from DCE-MRI, DWI, and 18 F-FDG PET, each of which is based on a different mechanism, have complex correlations. Thus, combined multiparametric analysis of these parameters may useful in treatment planning, predicting treatment response, and monitoring treatment with further insight into the tumor biology. Additional prospective studies with a larger patient population are required to confirm these findings.
CONCLUSION
We evaluated the relationships among imaging parameters derived from DCE-MRI, DWI, and 18 F-FDG PET with the aim of establishing a more comprehensive understanding of tumor characteristics of HNSCC. Although there was no exact one-toone correlation among these noninvasive imaging techniques, we found correlations between selected imaging parameters. The demonstrated relationships among DCE-MRI, DWI, and 18 F-FDG PET data suggest complex interactions between the biological characteristics of tumor. These diagnostic techniques might play a complementary role in the assessment of HNSCC.
